Objective: Evidence regarding the status of job strain as a risk factor for coronary heart disease (CHD) is mixed, including both results supporting the risk status and null findings. However, previous studies have typically assessed job strain at one point in time only. We examined whether the failure of such measurement to reflect long-term job strain could contribute to false null findings. Methods: Job strain and its components, as stress indicators, were assessed twice (3-year time lag) for 5043 men and 2210 women who were free of apparent CHD at baseline. Incident CHD after the stress measurement comprised CHD death, a first nonfatal myocardial infarction, or definite angina (mean follow-up, 10.4 years). The data analysis was based on Cox proportional-hazard models adjusted for age, sex, and employment grade and corrected using regression dilution ratios calculated from short-term repeat data in a random subsample. Results: In the total cohort, incidence of new CHD was higher for higher levels of job strain and demands. For these stress indicators, the corrected excess CHD risk was 30% and 29% higher than the corresponding uncorrected estimates, whereas the corresponding increase for job control was only 13%. Effects of job strain and work demands, but not job control, were stronger for a subgroup, with consistent exposure measurements over time than for the total cohort. Conclusion: This evidence suggests that use of single-time exposure measures may underestimate the status of long-term job strain as a CHD risk factor.
INTRODUCTION
T he job strain model is a leading occupational stress model (1, 2) . It posits that long-term job strain (i.e., a combination of high work demands and low job control at work) is a health risk for employees. Controversy remains regarding the status of job strain as a risk factor for coronary heart disease (CHD) (3, 4) . Although most published studies support the risk status (5) (6) (7) (8) (9) (10) , notable exceptions with nonsignificant findings also exist (11, 12) .
Several issues could lead associations being over-or underestimated in observational studies. Previous studies have typically assessed job strain and its components at one point in time only (4) . Thus, a potential source of false null findings may be the lack of accurate indication of a long-term stress exposure.
The present report, from the (Whitehall II study) of British civil servants, used repeated job strain measurements to examine whether measurement problems are likely to contribute to mixed results for job strain and CHD.
METHODS

Participants and Study Design
In the Whitehall II study, the target population was all-London-based office staff, aged 35 to 55 years, and working in 20 civil service departments. Baseline screening (phase 1), including the measurement of job strain and its components, took place between 1985 and 1988; 6895 men and 3413 women participated (response rate, 73%). In 1989 to 1990, 5533 men and 2600 women participated in phase 2 examination (79% of the baseline cohort). Incident CHD, the outcome, was assessed from phase 2 to the end of 1999. We focused on the 5043 men and 2210 women who had data on job strain at both phases and who also were free from apparent CHD at both phases.
Job Strain
Job strain and its components were measured using self-assessment scales of work demands (4 items, Cronbach's ␣ 0.67) and lack of control (15 items, ␣ 0.84) in phase 1 and phase 2 (9,13). Scores for both scales were calculated as the sum of item scores, and this sum was expressed as a percentage of the theoretical maximum (range for both scales from 0 -100). The job strain score was derived from the equation "work demand score Ϫ job control score" (13, 14) (range from Ϫ87 to 83).
CHD
Incident CHD after phase 2 and before the end of year 1999 (mean follow-up, 10.8 years) comprised CHD death, a first nonfatal myocardial infarction, or definite angina. All of the components of the outcome were confirmed from clinical records. For the assessment of fatal CHD, the participants were flagged at the National Health Service Central Registry, which provided information on the date and cause of death (of the 10,308 male and female employees in the Whitehall II study, 10,300 were successfully flagged). Fatal CHD was defined according to the International Classification of Diseases, Ninth Revision (codes 410 through 414 as underlying causes of death). Potential new cases of nonfatal myocardial infarction were ascertained by questionnaire items on chest pain (15) and the physician's diagnosis of a heart attack. The confirmation of myocardial infarction according to Multinational Monitoring of Trends and Determinants in Cardiovascular Disease (MONICA) criteria (16) was based on electrocardiographic findings, markers of myocardial necrosis, and a history of chest pain in the medical records. The assessment of angina was based on the participant's reports of symptoms, with corroboration in medical records, or abnormalities in a resting electrocardiogram (ECG), an exercise ECG, or a coronary angiogram.
Data Analysis
In the analyses, job strain, work demands, and lack of control in phases 1 and 2 (called stress indicators) were used as standardized z-scores. In addition to single-time measures, we constructed a mean score, a maximum score, and a change score for each stress indicator to examine whether these scores, based on two measurement points, predict CHD more robustly than singletime measures. We fitted Cox proportional-hazard models adjusted for age, sex, and employment grade to study the associations between the stress indicators and the incidence of CHD (employees were censored at the time of the first CHD event or the time of loss to follow-up or at the end of 1999). In relation to stress change scores, we additionally adjusted for phase 1 score to take into account ceiling effect (i.e., upward change is less likely for higher than lower scores) and floor effect (downward change less likely for lower scores). The time-dependent interaction terms between each predictor and logarithm of follow-up period were all nonsignificant, confirming that the proportional hazards assumption was justified (all p values between 0.34 and 0.92). Among the 45 interaction tests of stress indicators with sex, employment grade, and age, there were two statistically significant interactions (the phase 2 score and mean score of job control with age). This is what would have been expected by chance. Thus, we combined men, women, all grades, and age groups and adjusted these in analyses.
The associations between stress indicators and CHD were determined for all of the participants and in an exploratory test in a subpopulation with consistent measurements of stress over time, i.e., those in the third with the least change in stress indicators between phases 1 and 2 (N ϭ 2411-2492, depending on the indicator). As consistent measurements better represent long-term exposure than changing stress levels, we hypothesized that more robust associations between stress and CHD would be seen in this subgroup than in the total population.
In a further attempt to correct for the measurement imprecision in a single measure, we calculated a hazard ratio corrected for regression dilution bias (17) . A single measure is subject to measurement error from usual stress levels and is expected to result in an underestimation of the association between a measured stress indicator and CHD. This is because the lowest category of stress presumably contains proportionally more people with a lower-than-usual stress score, and the highest category contains proportionally more people with a higher-than-usual stress score. For this purpose, new data from a random subsample (N ϭ 267) of the total cohort were collected by measuring stress indicators at phase 3 (1991-1993) and repeating the measurements within a less than 2-month interval. These repeated stress scores were used to correct for the underestimation due to measurement imprecision by calculating the regression dilution ratio (␤ REG ) according to Rosner's regression method by regressing the second measurement on the first (17):
where w i1 and w i2 are the first and second measurements on the i th subject and w and w the means of the first and second measurements. The corrected hazard ratio is calculated by dividing the observed log hazard ratio by the regression dilution ratio and taking the exponential of the result.
Using this method, the regression dilution ratio was 0.778 for job strain, 0.800 for work demands, and 0.902 for lack of control. For each phase 1 stress indicator in the total cohort, the corrected association with CHD was estimated by multiplying the uncorrected regression coefficient of the phase 1 score by the inverse of the regression dilution ratio. All analyses were performed with the use of SAS software, version 8.2 (SAS Institute). Table 1 shows the characteristics of the participants. Their mean age was 44 years, 70% were men, and the largest occupational group was executives. The correlation coefficients for the repeated measurements of stress indicators between phases 1 and 2 were moderate: Pearson r ϭ 0.45 for job strain, r ϭ 0.51 for job demands and r ϭ 0.72 for job control (all p Ͻ .0001). Table 2 presents age-, sex-, and grade-adjusted associations between the stress scores and the incidence of new CHD. For job strain and lack of control, point-in-time measures, as well as mean and maximum scores across the two time points, were all predictive of CHD. For change scores and for demand scores, the hazard ratios were nonsignificant. The association between change scores and CHD remained broadly similar after further adjustment for phase 1 score (hazard ratios varied between 0.91 and 1.06). Table 3 shows a subgroup analysis for participants with consistent stress measurement across phases 1 and 2. The 
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three subgroups of those with consistent stress scores did not materially differ from the total population in terms of age (between 44.3 and 44.4 years), sex (71% to 75% male), and employment grade (34% to 38% administrative), suggesting that a major bias is unlikely (see Table 1 for figures regarding the total cohort). Hazard ratios for CHD for the point-in-time job strain and work demands scores were at least 91% higher among these employees with stable stress levels than those among all of the participants. Surprisingly, in view of the relatively high repeatability of the job control measure, the hazard ratios for lack of control were slightly weaker in the subgroup with consistent control scores, a finding that could have been due to chance. Table 4 shows the associations between stress indicators and incident CHD after correction by the regression dilution method in the entire cohort. For job strain and work demands, the excess risk increased by 30% and 29%, but for lack of control, this increase was smaller, 13%.
DISCUSSION
Evidence from British civil servants suggests a moderate temporal stability for job strain, work demands, and job control during a mean period of 3 years. We found that high job strain, as assessed at a single time point, was associated with a higher risk of incident new CHD in the entire cohort and, in particular, among employees with consistent exposure measurements across two time points. As CHD develops over a long time span, long-term rather than short-term levels of job strain are assumed to affect CHD incidence (2, 18) . For employees with stable stress, a single-time measurement may provide an accurate estimate of long-term stress, but this is not necessarily the case for others.
We calculated a correction coefficient using Rosner's regression dilution approach (17) . For job strain and work demands, the corrected excess risk for CHD was approximately 30% higher than the uncorrected, the corresponding figure for lack of job control being 13%. The regression dilution approach uses a second measurement of exposure in order to correct for measurement error in the exposure. Although we applied a relatively short time interval for repeated stress measurements for the calculation of regression dilution ratios (Ͻ2 months), the underlying assumptions of long-term stress may not have been adequately met for all individuals if the inconsistency between measurements 3 months apart reflected a change in real conditions. This could lead to an under-or overcorrection; thus, the corrected values should be interpreted with caution.
We constructed several composite indicators to improve validity of stress exposure assessment in the total cohort. These included a mean score to reflect the average stress level over the 3-year assessment period, a maximum score to tap the possibility that elevated CHD risk after high stress remains irrespective of subsequent decrease in stress, and a baselineadjusted change score to examine whether positive or negative change would be the key. However, none of these indicators substantially improved the prediction of CHD risk.
In conclusion, methodologic problems involving, e.g., the assembly of the sample, the validity of outcome measures, confounding (or residual confounding), and effect modification can lead to mixed findings and produce inaccurate results (4, 14, 17, 19) . Previous studies have usually assessed work stress at one point in time only. The present evidence from repeat measures, subpopulation analysis, and correction for regression dilution in a well-characterized cohort of British civil servants suggests that such an approach may be a potential source for underestimation of the effects of long-term work stress. a Based on the regression dilution ratio of 0.778 for job strain, 0.800 for work demands, and 0.902 for lack of control, all obtained from repeated measurements within less than 2-month interval in a random subsample.
